Background: A combination of genetic fine-mapping and complementation testing was used previously to assign the juvenile alopecia mutation (abbreviated jal) to the GATA binding protein 3 (Gata3) gene on Chromosome 2 in mice. However, sequence analysis of Gata3 exons (including coding and noncoding regions) revealed no differences between wild type C3H/HeJ and co-isogenic C3H/ HeJ-jal/J mutant mice. Results: Using a PCR-based scanning method, here we have tested the hypothesis that jal might result from insertion of a transposable element in or near the Gata3 gene. We show that the jal mutation is specifically associated with an intracisternal A particle (IAP) element of the I∆1 subtype that has transposed to Intron 3-4 in the Gata3 gene, and use the same panel of recombinants used previously to fine-map jal to show that this IAP element and jal are located within the same small genetic interval. Conclusion: Transposition of an IAP element of the I∆1 subtype into Intron 3-4 of the mutant Gata3 jal allele is the likely cause of the juvenile alopecia phenotype in mutant mice.
Introduction
A significant amount of the mouse genome (8-10%) is composed of endogenous retroviruses (ERVs) and other DNA elements with long terminal repeats (LTRs) (Mouse Genome Sequencing Consortium (MGSC), 2002), and many of these remain "active," in that their RNA can be reversetranscribed and integrated into new genomic sites by a retrovirus-like transposition mechanism. Indeed, it has been estimated that some 10-15% of new mutations in mice are due to transposition of an ERV element into or near the altered gene (Maksakova et al., 2006) . One family of ERV
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PUBLIC INTEREST STATEMENT
In previous work, a recessive form of progressive hair loss known as juvenile alopecia was assigned to the Gata3 gene on mouse Chromosome 2, but no DNA defect was discovered. In this report, we identify a retrovirus-like element that is integrated within the Gata3 jal allele and is the likely cause of the mutant phenotype. This mutational mechanism would explain the variable expressivity of the hair loss phenotype in juvenile alopecia mice, and suggests that these animals may serve as a living resource for the further study of epigenetic gene regulation. elements, the intracisternal A particle (IAP), is present in about 1,000 full-length or partially deleted copies in the haploid mouse genome (Kuff & Lueders, 1988) , and one subclass of deleted IAP elements, the I∆1 subclass (which has a 1.9 kb deletion in gag-pol), is responsible for nearly all of the known, ERV-induced, de novo germline mutations in mice (Maksakova et al., 2006) . Most of these I∆1 insertional mutations have occurred in the C3H/HeJ standard inbred mouse strain, suggesting that one or a small number of I∆1, IAP elements in this strain must persist in evading host suppression mechanisms (Maksakova et al., 2006) .
Our group has previously assigned (by a positional-candidate approach) the juvenile alopecia mutation (abbreviated jal)-which arose spontaneously on the C3H/HeJ genetic background-to the Gata3 gene in mice (Ramirez et al., 2013) . While complementation testing between jal and the engineered Gata3 tm1Gsv null allele (van Doorninck et al., 1999) verified allelism, we could find no DNA defect in the exonic portions of Gata3 in jal mutants (Ramirez et al., 2013) . The jal mutation's C3H/HeJ strain-of-origin, the lack of an obvious coding defect in Gata3 jal , and the markedly variable expressivity of the mutant phenotype (vibrissae defects and focal alopecia that may range from global to undetectable), combine to suggest that an IAP integration near or within an intron of Gata3 might be the basis of this natural variant. Here we test that hypothesis, and report the detection, orientation, and precise location of an I∆1, IAP element in Exon 3-4 of Gata3 that appears to be specific to the C3H/HeJ-jal/J strain and maps to the same small region as the jal mutation itself.
Methods
Animals were housed and fed according to Federal guidelines, and the Institutional Animal Care and Use Committee at CCSU approved of all procedures involving mice (Animal Protocol Application numbers 101, 119, and 122). Standard inbred mice (from strains C57BL/6 J, A/J, C3H/HeJ) and C3H/HeJ-jal/J mutant mice were obtained from The Jackson Laboratory (Bar Harbor, ME, USA). We maintained our coisogenic C3H/HeJ-jal/J line by crossing heterozygous females with homozygous males, to produce segregating litters. Mutant jal/jal mice were mostly detected by vibrissae defects that were observable shortly after birth, and those homozygotes displayed distinct patches of hair loss by two weeks of age that persisted throughout life (Figure 1 ). The mutant phenotype was not fully penetrant, and was highly expressive such that the amount of body surface affected by baldness varied from less than 5% to greater than 95% (see additional photographs shown in Figure 1 and Additional file 1 in Ramirez et al., 2013) .
Genomic DNA was isolated from 3 mm tail tip biopsies taken from two-week-old mice using Nucleospin kits from BD Biosciences (Palo Alto, CA, USA). The polymerase chain reaction (PCR) was performed using the Titanium PCR kit from Clontech (Mountain View, CA, USA), and oligonucleotide primers for PCR were synthesized by Integrated DNA Technologies, Inc. (Coralville, IA, USA). Gata3-specific primers were based on sequence information available online (Ensembl Mouse Genome Server (EMGS), 2016) and IAP-element-specific primers were based on the IAP LTR sequence (GenBank D63767) published by Ishihara, Tanaka, Wan, Nojima, and Yoshida (2004) . Specifically, the primer designated ISP-R1 or ISP-F4 herein was 5' GAGCTGACGTTCACGGGAAAAAC 3'; the primer designated ISP-F2 or ISP-R3 was 5' ACGACCACTTGTACTCTGTTTTTC 3'. Primers designed to overlap or flank the gag-pol deletion that is characteristic of the I∆1 subtype were based on the widely-studied, full-length IAP element MIA14 (GenBank M17551), published by Miets, Grossman, Lueders, and Kuff (1987) . The specific primers designated ISP-Fa, ISP-Fb and ISP-Fc herein are shown in Supplementary Figure S1 . PCR products were visualized by electrophoresis through 3.5% NuSieve 3:1 agarose gels (Lonza, Rockland, ME, USA) for products under 1,000 bp and through 1.5% SeaKem agarose gels (Lonza) for products over 1,000 bp in length. Gels were stained with ethidium bromide (0.5 μg/mL) and photographed under ultraviolet light. For sequence analysis, 1.5 μg of individual PCR amplimers were concentrated into 30 μl using QIAquick PCR Purification kits (Qiagen, Valencia, CA, USA). Purified amplimers were shipped to the Keck DNA Sequencing Lab at Yale University (New Haven, CT, USA) for primer-extension analysis. All datasets supporting the results of this article are included here in the five formal Figures and single Supplementary Figure. The nucleotide sequences described in this study are also accessioned in GenBank, NCBI (accession numbers KX555562 and KX555563).
The creation of a 374-member [(A/J x C3H/HeJ-jal/J)F1-jal/+ x C3H/HeJ-jal/J-jal/jal] backcross (N2) "mapping panel" that was used previously to locate jal on proximal Chr 2 was described in Ramirez et al. (2013) . DNA samples from recombinant panel members, which had been previously characterized for numerous microsatellite and single-nucleotide polymorphisms (SNPs) on proximal Chr 2 (see Ramirez et al., 2013 ) and stored at −80° C for retrospective analysis, were used here to locate the IAP element integrated with Gata3 with respect to jal and to these other marker sites.
Results
To detect an IAP element associated with the Gata3 jal allele, gene-specific primer (GSP) pairs were designed that lay about 1,000 bp apart in the noncoding regions of Gata3. A GSP pair might fail to generate amplimers of the expected (wild type) length in PCRs using jal/jal template DNAs if a large IAP element (which range in size from 5.4 to 7.3 kb) were integrated between their annealing sites ( Figure 2(a) ). One such GSP pair (which directed amplification of wild type but not jal templates) was found (see Figure 2(b) ) and these primers were tested individually with primers designed to anneal within the LTR region of the IAP element (based on the sequence published by Ishihara et al., 2004; GenBank D63767) , designated here as ISP-R1, -F2, -R3, and -R4 (see Figure 2(c) ). For example, the "failed" GSP in the forward orientation (GSP-F) might generate an amplimer with ISP-R1 if an IAP in the sense orientation was integrated downstream of the GSP, or with ISP-R3 if an IAP element in the antisense orientation was integrated downstream of the GSP. The "failed" GSP in the reverse orientation (GSP-R) might generate an amplimer with ISP-F2 if an IAP in the sense orientation was integrated upstream of that GSP, or with ISP-F4 if an IAP element in the antisense orientation was integrated upstream of the GSP. Figure 2(d) shows the results of PCRs that reveal the integration of an IAP element in the antisense orientation at a position about 700 bp downstream of GSP-F and about 250 bp upstream of GSP-R. The amplimers produced in these positive reactions were sequenced by primer-extension analysis, and the precise integration site of an IAP element in Intron 3-4 of the Gata3 jal allele, designated Gata3 IAP , was determined, as shown in Figure 3 .
The characterization of a panel of 374 [(A/J × C3H/HeJ-jal/J)F 1 × C3H/H3 J-jal/J] backcross offspring for the inheritance of jal and various molecular markers on proximal mouse Chromosome 2 established a location for the jal mutation between positions designated as SNP1 and SNP2 by Ramirez et al. (2013) , SNPs officially known as rs27112885 and rs27131573, respectively (Ensembl Mouse Genome Server, 2016). Specifically, 6 meiotic crossovers were identified in this 374-member panel that fell between SNP1 and jal, and 1 crossover was identified that fell between jal and SNP2 (summarized in Figure 4(a) ). If the IAP element inserted in Intron 3-4 of Gata3 jal is the mutational basis of the jal mutant phenotype, then this IAP element should map to the same site as jal, that is,
Gata3
IAP should co-segregate with jal in the 374-member backcross panel. As shown in Figure 4 (b), the Gata3 IAP genotype of each rare, recombinant panel member matches its jal genotype, suggesting that the Gata3 IAP and the jal mutation are at least very closely linked (mapping less than 0.3 cM apart), if not identical.
The I∆1 subtype of IAP elements is known to have a 1.9 kb deletion that extends from position 1708 in gag to position 3608 in pol (Kuff & Lueders, 1988) . To determine if the IAP element integrated in the Gata3 gene in C3H/HeJ-jal/J mice might be of the I∆1 subtype (which is known to be most frequently associated with de novo insertional mutations in mice, Ishihara et al., 2004; Maksakova et al., 2006) , a set of forward primers for PCR were designed that would anneal just before (ISP-Fa), within (ISP-Fb), and just after (ISP-Fc) this characteristic deletion in the IAP sequence. These primers were tested individually with a gene-specific reverse primer (GSP-Rd) that would anneal just downstream of the integration site of the IAP element in Intron 3-4 of Gata3 jal (see Figure  5(a) ). The presence and length of the PCR products obtained (see Figure 5 (b)) were consistent with the Gata3 IAP being of the I∆1 subtype, and primer-extension sequence analysis of the entire interval defined by the annealing sites for ISP-Fa and GSP-Rd in the Gata3 jal allele (see Supplementary Figure  S1 ) confirmed this classification. 
Discussion
Although mice homozygous for germline null alleles of Gata3 die around embryonic day 11 (Lim et al., 2000; Pandolfi et al., 1995; van Doorninck et al., 1999) , conditional ablation in the epidermis has revealed a role for Gata3 in hair follicle development and skin cell lineage determination (Kaufman et al., 2003; Kurek, Garinis, van Doorninck, van der Wees, & Grosveld, 2007) . These null mutants, however, show a complete absence of hair, while mice homozygous for the spontaneous juvenile alopecia allele of Gata3, which show patchy hair loss, typically display at least some normally furred sectors. On this basis, we have previously suggested that Gata3 jal likely encodes a normal primary protein sequence that is, by some stochastic mechanism, improperly regulated (Bisaillon et al., 2014; Ramirez et al., 2013 ).
While we have not attempted here to directly elucidate the mutagenic mechanism of the Gata3 IAP insertion that we now propose to be the basis of the juvenile alopecia phenotype, several wellcharacterized examples of antisense integration of I∆1, IAP elements into the introns of other mouse genes (reviewed by Maksakova et al., 2006) , suggest a few likely possibilities. For example, IAP insertions within introns can cause aberrant splicing or premature termination of the disrupted gene's mRNA (Druker, Bruxner, Lehrbach, & Whitelaw, 2004; Gunn et al., 2001; Vasicek et al., 1997; Ware et al., 1997) , but our previous investigation of Gata3 cDNA did not reveal any anomalous, jalspecific transcripts (Ramirez et al., 2013) . Most commonly, antisense integrations of I∆1, IAP elements have been seen to cause ectopic gene expression from a promoter located in the 5' LTR (Duhl, Vrieling, Miller, Wolff, & Barsh, 1994; Michaud et al., 1994; Vasicek et al., 1997) . Many of these mutant alleles show variable expressivity among genetically identical mice (Druker et al., 2004; Michaud et al., 1994; Rakyan et al., 2003) , as we have documented for Gata3 jal (see Additional file 1 in Ramirez et al., 2013) . Such variable expressivity has been shown to correlate with the methylation state of the 5' LTR, which seems to be established somewhat stochastically (Druker et al., 2004; Michaud et al., 1994; Rakyan et al., 2003) . Perhaps if the 5'LTR is mostly methylated, its antisense promoter will be inactive, and little effect on Gata3 expression in that skin patch leads to normal hair development and maintenance in that sector. However, if the LTR is unmethylated, its promoter may drive aberrant gene expression that results in follicular dysgenesis. For example, an active LTR promoter may cause ectopic expression of the functional domains of Gata3 protein that are encoded by Exons 4-6 in hair-follicle stem cells, leading to their terminal differentiation and loss in that skin patch. Alternatively, host silencing mechanisms (such as hypermethylation of DNA; Walsh, Chaillet, & Bestor, 1998) directed at the intron-integrated IAP element may interfere with the production of a normal Gata3 transcript, leading to alopecia in those skin sectors. In any case, the Gata3 jal mutation appears to offer a valuable and convenient model for the study of a "metastable epiallele" (Rakyan, Blewitt, Druker, Preis, & Whitelaw, 2002) , the expression of which appears to be regulated by a stochastic, epigenetic mechanism that can vary between genetically matched individuals or even between different skin patches on the same individual.
As in mice, a large (8%) portion of the human genome is of retroviral origin (International Human Genome Mapping Consortium (IHGMC), 2001) . While the majority of human ERV's represent ancient integrations and lack function due to accumulated mutations and deletions, recent work has identified a few nearly intact ERV integrations in humans (including at least one HERV-K provirus that may retain the potential for infectivity), and expression of such proviruses in tissues associated with cancer and autoimmune disease suggests at least the potential for pathogenic effects 
Co-segregation of Gata3
IAP and jal in this backcross suggests that they are very close or identical. (Wildschutte et al., 2016) . Although ERV insertions in humans are not an important source of new germline mutations (as they are known to be in mice), study of ERV-mediated biological effects in animal models like the juvenile alopecia mouse are still needed to better understand the regulatory effects of existing ERVs and LTRs on the many human genes they are integrated into or near (Jern & Coffin, 2008; van de Lagemaat, Landry, Mager, & Medstrand, 2003; Medstrand, van de Lagemaat, & Mager, 2002) , to anticipate and control the potential side effects of retroviral vectors that might be used therapeutically (Dahl et al., 2015; Kagiava et al., 2016; Yi, Jong Noh, & Hee Lee, 2011) , and to further explore epigenetic silencing of proviruses (mediated by RNA or drug action, for example) (Herrera-Carrillo & Berkhout, 2015; Lee et al., 2002; Tyagi & Karn, 2007) as an approach to finding a functional cure for retroviral infection.
Conclusions
We describe an intracisternal A-type particle element that has integrated into Intron 3-4 of the mouse Gata3 gene and is specifically associated with the Gata3 jal mutation, which arose spontaneously on the standard inbred C3H/HeJ genetic background and was first described in 1999. This IAP element is in the antisense orientation with respect to the gene, is flanked by a six-base direct repeat, and is shown by sequence analysis to be a deleted element of the I∆1 subtype. The Gata3 IAP element was mapped to the same small genetic interval as the coisogenic jal mutation itself, suggesting that this IAP insertion is the molecular basis of the juvenile alopecia mutant phenotype. 
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